Exposure to poly and perfluoroalkyl substances (PFASs) has been associated with adverse health 15 effects in humans and wildlife. Understanding pollution sources is essential for environmental 16 regulation but source attribution for PFASs has been confounded by limited information on 17 industrial releases and rapid changes in chemical production. Here we use principal component 18 analysis (PCA), hierarchical clustering, and geospatial analysis to understand source 19 contributions to 14 PFASs measured across 37 sites in the Northeastern United States in 2014. 20
Introduction 32
Exposure to poly-and perfluoroalkyl substances (PFASs) has been associated with many 33 negative health outcomes including compromised immune function, metabolic disruption, 34 obesity, and altered liver function. 1 PFASs in surface waters are an emerging concern for U.S. 35 public water supplies and long-chain compounds bioaccumulate in aquatic food webs, posing 36 health risks to seafood consumers. [2] [3] [4] [5] [6] Production of PFASs and their precursors has shifted 37 dramatically over the last two decades toward shorter-chain and polyfluorinated species. 7 38 Diverse point sources and atmospheric deposition of some PFASs confounds understanding of 39 the dominant contributors to contamination in the aquatic environment. Regulatory databases 40 such as the U.S. EPA's Facility Registry Survey (FRS) 8 and the Toxic Release Inventory 9 41
presently contain limited to no information on magnitudes of PFASs released to the environment. 42
Multivariate statistical analyses based on chemical composition profiles can be a 43 powerful tool for diagnosing contamination sources, as illustrated for many other organic 44 contaminants. 10 Principal components analysis (PCA) provides information on 45 interrelationships among various chemicals and is useful for deriving common source 46 profiles. Two-way hierarchical clustering can be used as a confirmatory analysis of PCA by 47 generating a flexible number of subgroups of similar sites (those affected by a common 48 source type) without dictating the number of clusters a priori. Clustering of compounds 49 identifies chemicals that co-occur to form a unique signature. These techniques have not 50 been routinely applied to interpret PFAS contamination and show potential for interpreting 51 sources in surface water and seawater. 4,11 52
Here we combine PCA and hierarchical clustering of PFAS profiles measured in surface 53 waters from 37 rivers, streams and estuaries in the Northeastern United States with geospatial 54 Sample detection for 21 native PFASs (Tables S2, S3 ) was performed using an Agilent 78 6460 LC-MS/MS equipped with an online-SPE system (Agilent 1290 Infinity Flex Cube) in 79 dynamic multiple reaction mode (sample chromatogram in Figure S1 ). At least one negative 80 control (field or procedural blank) and one positive control (spiked with 2 ng of the 21 PFASs in 81 500 ml water) were included in every extraction batch. Whole method recovery tested using the 82 positive controls was 70-120% for all but 4 PFASs that ranged from 60-70%, which is 83 comparable to recoveries reported by previous studies. 3, 14, 15 . The 4 PFASs are perfluoropentanate 84 (PFPeA), perfluoroheptanate (PFHpA), N-methyl perfluorooctanesulfonamidoacetic acid 85 (MeFOSAA) and N-ethyl perfluorooctanesulfon-amidoacetic acid (EtFOSAA). Potential analyte 86 loss during sample preparation was corrected using internal standards spiked prior to sample 87 extraction. The limit of detection (LOD, Figure S2 ) was defined as equivalent to the blank plus 88 the concentration corresponding to a signal-to-noise ratio of three. Variability between duplicates 89 obtained at two sites was <20%. PFASs in five field blanks (HPLC grade water) prepared 90 following the sample preparation procedure were all below the LOD. 91
We quantified branched isomers for perfluorooctanate (PFOA), perfluorohexane 92 sulfonate (PFHxS), perfluorooctane sulfonate (PFOS), N-MeFOSAA and N-EtFOSAA using 93 calibration standards for the linear isomers, assuming the same instrumental response factor 94 (Table S3 ). Seven compounds namely perfluorododecane sulfonate (PFDS), 8:2 fluorotelomer 95 sulfonate (8:2 FTS), perfluorooctane sulfonamide (FOSA), and PFCAs with more than 12 carbon 96 atoms) were detected in less than half of samples and were excluded from additional statistical 97 analysis (see Table S2 for details). For the 14 PFASs that had detection frequencies of greater 98 than 60% (Table S2) , we used the Robust Regression on Order Statistics approach for censored 99 log-normally distributed environmental data described by Helsel 16 to assign values to samples 100 with concentrations below the LOD. 101
Statistical and spatial analysis 102
We used principal components analysis (PCA) and hierarchical clustering to group sites 103 with statistically distinct PFAS composition profiles. PCA was performed using MATLAB's 104 Statistics Toolbox (MathWorks, Inc.) on normalized (z-score to remove the effect of 105 concentration difference at different sites) PFAS concentration data. The inverse of variances of 106 the data were used as variable weights and varimax rotation was applied to interpret the meaning 107 of extracted principal components. Hierarchical Cluster analysis was conducted using the hclust 108 function in the R statistical computing package (version 3.1.3). 109
We characterized the watershed for each freshwater sampling site using the U.S. 110
Geological Survey's (USGS) National Elevation Dataset (3 arc-second for site 15 and 16 and 1 111 arc-second for others) and the Hydrologic Tool in ArcGIS Pro 1.2 and ArcGIS online. Estuarine 112 sampling sites were excluded from the geospatial analysis due to the confounding influence of 113 tidal waters diluting potential source profiles. Population within each watershed was based on 114 ESRI's U.S. Demographic Database. 17 We used the USGS's StreamStats database (version 4) 18 115 to characterize water flow rates for each location and to compute mass flow (kg/yr) of PFASs at 116 each site and per-capita mass flows (kg/person/yr). 117
For all inland sites (non-estuarine), we acquired a list and geospatial data for plausible 118 PFAS sources from the US EPA Facility Registry Service (FRS) database on facilities and sites 119 subject to environmental regulation (see SI for the search criteria). 8 These include airports, 120 facilities for metal plating/coating, printing, sewage treatment, waste management (including 121 landfills), and manufacturers of semiconductor, textile, paint/coating/adhesive, ink, paper, and 122 petroleum products. A caveat of this analysis is that not all facilities included in the FRS 123 database necessarily release PFASs and the database may not comprehensively include all 124 possible sources. 125 River, RI) within the City of Providence, RI. This is much lower than maximum levels reported 146 in earlier studies of US surface waters that range between 43-244 ng L -1 (Table S4) PFDoDA ( Figure S3 ). Sites 1-9 in RI and Sites 29-37 in NY/NJ are all urban areas, defined by 153 population densities of greater than 1000 individuals per square mile (2590 km 2 ), and population 154 densities of greater than 500 individuals per square mile in surrounding census blocks. 27 We did 155 not find a statistically significant correlation between total population in each upstream 156 watershed and PFAS concentrations measured at each sampling site (p=0.12 to 0.95 across 157 compounds). We derived per-capita discharges ( Figure S4 ) using a similar approach as Pistocchi 158 and Loos. 28 Highest median per-capita discharges (g person -1 day -1 ) across compounds, in 159 decreasing order, were for PFOA (27), PFHxA (14), PFHpA (10), PFOS (9), PFHxS (7), and 160 PFNA (5) ( Figure S4 ). These are lower than previously reported in Europe ca. 2007 (e.g., PFOA: 161 82 g person -1 day -1 , PFOS: 57 g person -1 day -1 ). 28 162
Source identification 163
Both hierarchical clustering and PCA identified three distinct groupings of PFASs 164 (Figure 2a summed PFASs across all sites and is dominated by this mixture of PFASs. PCA results suggest 168
Site 5 is statistically similar to the Pawcatuck River, RI sampling locations (Sites 20, 19) and the 169 Passaic River, NJ (Site 31). However, these sites are grouped separately in the hierarchical 170 clustering analysis (Figure 2b ), suggesting some differences in source contributions. 171 Geospatial analysis of the watersheds for Sites 5, 19, 20 and 31 reveals a mixture of 172 potential sources ( Figure S5 ). For Site 5, the greatest source impact as a function of distance 173 within the watershed is from T.F. Green Airport, the largest public airport in Rhode Island. Prior 174 work indicates uses of AFFF in modern airports release diverse PFASs to downstream aquatic 175 environments, including the compounds identified as part of the first PCA/cluster. 4,29-31 For Sites 176 19 and 20, textile mills in the upstream watersheds have the highest impact as a function of 177 distance (Table S5) activated sludge). 36 It is likely that PFHxA is not included in the cluster because other direct 211 sources can contribute one order of magnitude more PFHxA than PFPeA. 37, 38 We conclude that 212 the distinct PFAS profile at Site 2 is can be explained by the metal plating industry. 213
Implications 214
Multivariate statistical tools such as PCA and hierarchical clustering of PFAS profiles 215 combined with data on hydrological proximity of potential sources are useful for identifying 216 sources of surface water contamination. We find aquatic transport pathways (hydrological 217 distance and river flow directions) are critical for source identification. This contrasts many other 218 persistent organic pollutants that are primarily transported atmospherically, allowing sources 219 within a radius surrounding the sampling sites to be linked to concentrations. 39 We conclude that 220 the approach demonstrated here for RI and NY/NJ has potential for diagnosing PFAS source 221 contributions in urbanized regions with elevated concentrations and lacking specific information 222 on the magnitude of PFAS discharges from diverse industries. Background PFAS concentrations 223 at most rural sites in this study contain a mix of diverse source signatures that are not statistically 224 distinguishable using these methods. This analysis could be refined in future applications by 225 analyzing additional emerging short-chain PFASs and precursors to develop more unique 226 chemical signatures for specific industries (i.e., those contributing to the first component/cluster). 227
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We acknowledge financial support for this study from the Smith Family Foundation, the Harvard 232 ................................................................................. ................................................................................................. ammonium acetate were used as mobile phases (flow rate: 0.5 ml/min). Starting from 3% methanol, 64 the elution gradient was linearly increased to 61% in 7 minutes, held for 1 minute, then linearly 65 increased to 100% methanol in 3 min, and was kept until the end of the sample run (14 min). 66
The tandem mass spectrometer equipped with an electrospray ionization source was operated in 67 negative ion mode. Dynamic multiple reaction monitoring (dMRM) mode was used for data 68 acquisition in order to increase sensitivity. The collision gas was 5.0 grade N 2 . Optimized MS 69 parameters are as follows: source temperature, 300 °C; capillary voltage, -3.8 kV; nitrogen nebulizer 70 gas, 45 psi and 13 L/min. Methanol was injected and passed through the system to eliminate any 71 potential carry-over after every sample (or calibration standard). 72
Shorter chain PFASs such as PFBA and 4:2 FtS were not analyzed due to their low retention on 73 the C-18 reverse phase HPLC column, which would result in a low accuracy. 2 A different analytical 74 method (e.g., using a normal phase HPLC column) that can accurately measure those shorter chain 75
PFASs is needed to detect these compounds and represents a limitation of the present analysis. 76
Data analysis 77
Helsel 2 suggests statistical inference bias may occur for data with detection frequencies of less 78 than 30%. PFASs with detection frequencies of 60-70% are included here because they are important 79
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the New York Metropolitan area (NY/NJ). The limit of detection (LOD) for each compound is shown 199 as a red bar. Those below detection are assigned values based on the robust ROS (Regression on  200 Order Statistics) approach for censored log-normally distributed environmental data as described by 201
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